For many years, aging was thought to be accompanied by significant decreases in total neuron number across multiple brain regions. However, this view was revised with the advent of modern quantification methods, and it is now widely accepted that the hippocampus and many regions of the cortex show substantially preserved numbers of neurons during normal aging. Nonetheless, age-related changes in neuron number do occur in focal regions of the primate prefrontal cortex (PFC), but the question of whether age-related neuron loss is an exclusive characteristic of the PFC in primates remains relatively unexplored. To investigate the loss of neurons with normal aging in rodents, we used unbiased stereological methods to quantify the number of principal neurons and interneurons in the PFC of young and aged rats. We observed a significant age-related decline in the number of principal neurons in the dorsal PFC. The number of interneurons positively stained with antibodies to glutamic acid decarboxylase 67 was also reduced in the dorsal PFC of aged rats. These observations indicate that the dorsal PFC is susceptible to neuron loss with aging in rodent brain and suggest some common basis for vulnerability in cortical circuits across species. J. Comp. Neurol. 520:1318-1326, 2012 
loss of neurons with normal aging in rodents, we used unbiased stereological methods to quantify the number of principal neurons and interneurons in the PFC of young and aged rats. We observed a significant age-related decline in the number of principal neurons in the dorsal PFC. The number of interneurons positively stained with antibodies to glutamic acid decarboxylase 67 was also reduced in the dorsal PFC of aged rats. These observations indicate that the dorsal PFC is susceptible to neuron loss with aging in rodent brain and suggest some common basis for vulnerability in cortical circuits across species. J. Comp. Neurol. 520:1318 -1326 , 2012 . INDEXING TERMS: cingulate cortex; stereology; GAD67; interneuron Age-related alterations in prefrontal cortical structure have been reported in humans, in terms of both regional volume (Tisserand et al., 2002) and neuronal morphology (de Brabander et al., 1998) . Similar changes, including synaptic atrophy, reductions in dendritic spine density, and loss of neurons have been detected in non-human primates (Peters et al., 1998; Dumitriu et al., 2010; Smith et al., 2004) . Neuronal loss occurs focally in area 8a, a component of the dorsolateral prefrontal cortex (PFC) with particular relevance for attention and working memory (Levy and Goldman-Rakic, 1999) . The selective vulnerability of area 8a is supported by the maintenance of total neuron number across other components of the dorsolateral prefrontal cortex (dPFC), such as area 46 (Smith et al., 2004) . However, the question of whether neuronal loss also occurs in the PFC of aging rodents has received comparatively less attention.
Although clear species differences exist in PFC anatomy in primates and rodents (Uylings et al., 2003) , prefrontal regions in the rat can be subdivided into a dorsal and ventral component based on cytoarchitectural and hodological criteria. The dorsal component, comprised of cingulate areas 1 and 2, is differentiated in a laminar pattern, whereas the ventral regions, which include the infralimbic and prelimbic areas, exhibit less clear lamination (Uylings et al., 2003) . The connectivity also differs between the dPFC and the ventral prefrontal cortex (vPFC) in a manner consistent with primate connectional anatomy (Fuster, 2008) . The dPFC receives and reciprocates projections from motor, somatosensory, visual, and retrosplenial cortices, whereas the vPFC is distinguishable by relatively greater connectivity with the hippocampus and associated cortical structures (Uylings et al., 2003) . In this regard, the rat dPFC and vPFC share many characteristics with the primate, and may exhibit similar features of structural change with aging.
Here we evaluated age-related alterations in prefrontal cortical neuron number, by using a well-characterized rat model of cognitive decline (Gallagher et al., 1993) . We observed that aging was associated with loss of neurons in the dPFC, with maintenance of neuron number in the vPFC. The number of cells stained with antibodies against glutamic acid decarboxylase 67 (GAD67) was also reduced in aged rats. The changes in prefrontal cortical neuron number were not correlated with behavioral impairment in the assessment of hippocampus-dependent spatial memory, consistent with the functional dissociation between hippocampal-mediated and prefrontally mediated memory systems reported in other studies (Barense et al., 2002) .
MATERIALS AND METHODS Animals and tissue preparation
All animal procedures followed NIH guidelines and were approved by the Animal Care and Use Committee of Johns Hopkins University. Male Long-Evans rats (Charles River Laboratories, Wilmington, MA) were 6 (adult) or 24 (aged) months of age at the time of the studies. Aged rats were obtained at 8-9 months old and were housed in a Johns Hopkins University vivarium until they were 24 months old. For euthanasia, rats were anesthetized with isoflurane and perfused transcardially with sterile saline, followed by 4% paraformaldehyde in phosphate buffer (pH 7.4). After 24 hours of postfixation at 4 C, brains were moved into 10% glycerol in phosphate buffer for 24 hours at 4 C, followed
by an additional 24 hours in 20% glycerol at 4 C. Brains were then sectioned on the coronal plane in a 1:10 series at 50 lm thickness by using a freezing microtome. Sections were stored in cryoprotectant at À80 C.
Behavioral categorization
The rats used in this study were behaviorally categorized by using the water maze task, as described (Stranahan et al., 2011) . Behavioral testing took place during the light phase, with training over 8 days in sessions of three trials per day. At the start of each trial, rats were placed in the water at the perimeter of the pool, with starting locations varied across trials. Each trial lasted for 90 seconds or until the rat successfully located the platform, with a 60-second intertrial interval. Every sixth trial was a probe trial to assess the rat's spatial bias during its search. Rats were permitted to escape on probe trials when a retracted platform was made available after 30 seconds for completion of those trials. An index score, derived from the proximity of the rat to the escape platform location during the 30-second free swim on probe trials, was used to characterize performance of the rats in the maze for the purpose of neurobiological analyses. This index is the sum of the weighted proximity scores measured during the probe trials, with lower scores reflecting better spatial memory as indicated by shorter average distances from the platform location (Gallagher et al., 1993) .
Histology and immunohistochemistry
For cresyl violet staining, a 1:5 series of sections was mounted onto coated slides, dried, and stained in 2.5% cresyl violet acetate (Sigma, St. Louis, MO). Stained slides were then dehydrated through increasing concentrations of ethanol, cleared with Citrisolv, and coverslipped under Permount. For immunohistochemistry, we used a mouse monoclonal antibody against GAD67 (MAB5406, clone 1G10.2; lot #LV1721349; Millipore, Bedford, MA). This antibody was raised against a recombinant fusion protein containing the N-terminal regions (amino acids 4-101) of human GAD67. The N-terminal region is not shared by GAD65, and the antibody showed no crossreactivity with the 65-kDa isoform of GAD in rat brain lysates (Millipore datasheet). The staining showed only the expected pattern of cytoplasmic labeling in neurons. Expected labeling pattern was based on comparison with immunolabeling in areas with a high density of c-aminobutyric acid (GABA)ergic neurons, such as the basal ganglia (Gonzales et al., 1991) . Western blot analysis of rat hippocampal protein extracts revealed a single band at 67 kDa.
Sections were washed in 0.1 M Tris-buffered saline (TBS; pH 7.6) to remove cryoprotectant, and endogenous peroxidases were quenched in 0.3% H 2 0 2 in TBS. After additional TBS washes, sections were blocked in 5% normal horse serum in TBS with 0.3% Tween-20. After blocking, sections were incubated with primary antibody at 1:1,000 dilution in TBS containing 0.15% Tween-20 and 3% normal horse serum for 2 days at 4 C with shaking. Following primary antibody incubation, sections were washed in TBS, and reacted with biotinylated secondary antibody goat anti-mouse IgG (Vector, Burlingame, CA) diluted 1:500 in TBS with 0.15% Tween-20 and 5% normal horse serum for 1 hour. After additional washes in TBS, the bound secondary antibody was detected with avidin-biotin complex (ABC Elite; Vector) for 1 hour. Sections were then washed in TBS, and the avidin-biotin complex was visualized with nickel-enhanced diaminobenzadine (Vector). After another set of TBS rinses, tissue sections were mounted onto coated slides and dried. To detect regional boundaries, GAD67-stained sections were counterstained with 1% Neutral Red. After Neutral Red staining, sections were dehydrated, cleared, and coverslipped as described above for cresyl violet staining.
Unbiased stereology
The rostrocaudal extent of the prefrontal cortex was defined according to cytoarchitectural criteria (Van Eden and Uylings, 1985) , with reference to Paxinos and Watson (1996) . Cingulate areas 1 and 2 (Cg1 and Cg2) were taken to represent the dPFC, and the infralimbic and prelimbic areas were grouped to represent the vPFC (Fig. 1) . The border between the prelimbic and Cg1 areas is marked by a widening of layer V and sparser distribution of layer III cells
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The Journal of Comparative Neurology | Research in Systems Neuroscience in the prelimbic area, compared with the Cg1. The posterior border of the Cg1 and Cg2 is defined by an increase in the density of cells in layer II, and by the presence of a clearly distinguishable layer III. The mediolateral border of the Cg1 and the secondary motor cortex (M2, also known as the medial precentral area; Van Eden and Uylings, 1985) is identifiable by a transition between the orderly laminar hem separating layers I and II in the Cg1, and the broader, less regular appearance of layer II in the M2 (Fig. 1 ). All cytoarchitectural boundaries were assessed at 10Â magnification before being outlined at 5Â magnification with the aid of StereoInvestigator software (MBF Bioscience, Williston, VT).
Unbiased stereological analysis of total neuron numbers and GAD67-positive neuron numbers were carried out with the optical fractionator technique by using StereoInvestigator software. Stereological sampling parameters are given in Table 1 . At each systematically selected site, cells were visualized by using a 100Â oil immersion objective. Principal neurons were readily identifiable on cresyl violet-stained sections based on their pyramidal morphology with the apex pointed toward the pial surface, and a clearly defined nucleolus. Although soma size was not assessed systematically in this analysis, pyramidal cell diameters typically ranged between 10 and 20 lm, allowing them to be clearly distinguished from the smaller, darker glial cells, Section thickness was recorded at each site, and the average section thickness per animal was computed for stereological estimate calculations. StereoInvestigator software was used to calculate the total neuron number, the numbers of counted neurons, and the corresponding coefficient of error. For GAD67, we also measured antibody penetration by recording the average z-depth of labeled cells. Volume estimates for the dPFC and vPFC were computed via the Cavalieri method. Counting criteria for GAD67 were modified because the staining obscured the nucleus. Instead of using the top of the nucleus as the unique point for marker placement, the most superficial point at which the cell soma was visibly filled with the diaminobenzadine reaction product was identified and marked. Photomicrographs were acquired by using StereoInvestigator, stored as .tiff files, and adjusted for brightness and contrast by using Adobe Photoshop (Adobe Systems, San Jose, CA).
Statistical analysis
Total neuron numbers and GAD67-positive cell numbers were compared across young (n ¼ 8) and aged (n ¼ 16) rats by using bidirectional Student's t-tests in Graphpad Prism version 5.0 (La Jolla, CA). To evaluate whether water maze performance was associated with prefrontal cortical neuron number, aged rats were classified as aged-unimpaired (relative to young; Gallagher et al., 1993) , or aged-impaired (n ¼ 8 aged-unimpaired, n ¼ 8 aged-impaired). The resulting three groups were analyzed by using one-way ANOVA with Tukey's post hoc test. For all statistical analyses, significance was set at P < 0.05.
RESULTS

Aging reduces total neuron number in the dorsal prefrontal cortex
Aged rats had fewer neurons in the dorsal component of the prefrontal cortex (Figs. 2A, 3A,B ; t 23 ¼ 3.78, P ¼ 0.001; total neuron numbers, mean 6 SEM, young ¼ 694,624 6 23,714, aged ¼ 505,303 6 34,887). Neuronal loss was not accompanied by global atrophy, as the volume of the dPFC was similar across young and aged rats ( Fig. 2B ; t 23 ¼ 0.39, P ¼ 0.70; regional volume in mm 3 , mean 6 SEM, young ¼ 2.41 6 0.11, aged ¼ 2.34 6 0.11). Section thickness, number of sampling sites, and corresponding coefficients of error derived from this analysis are shown in Table 1 .
The Cg1 and Cg2 (also known as dorsal and ventral cingulate cortices) were grouped together to represent the dPFC. This parcellation was determined on the basis of previously published work demonstrating connectional similarities between the two cingulate areas (Vertes et al., 2006) . However, we also quantified total neuron number in the Cg1 and Cg2 separately. This analysis revealed that both the Cg1 and Cg2 exhibit neuron loss with aging (for Cg1, total neuron numbers, mean 6 SEM, young ¼ 388,212 6 16,709, aged ¼ 286,959 6 19,916, t 23 ¼ 3.43, P ¼ 0.002; for Cg2, total neuron numbers, mean 6 SEM, young ¼ 306,411 6 11,301, aged ¼ 218,343 6 16,529, t 23 ¼ 3.71, P ¼ 0.001). Because similar trends were observed for the Cg1 and Cg2, these two regions were grouped together in subsequent analyses.
There was no change in total neuron number in the ventral prefrontal cortex (Figs. 2A, 3C , mean 6 SEM, young ¼ 1.78 6 0.12, aged ¼ 1.75 6 0.07). Section thickness, number of sampling sites, and coefficients of error in this analysis are shown in Table 1 .
Aging reduces the number of GAD67-positive cells in the dorsal prefrontal cortex
In order to evaluate whether specific neuronal populations might be more susceptible to aging, we analyzed the number of cells that expressed GAD67. Again, aging reduced GAD67-positive cell number in the dorsal prefrontal cortex (Figs. 2C, 4A ,B; t 21 ¼ 4.86, P ¼ 0.001; total GAD67-positive cell numbers, mean 6 SEM, young ¼ 174,115 6 12,543, aged ¼ 103,813 6 8,201). Section thickness, number of sampling sites, and corresponding coefficients of error are shown in Table 1 . The relationship between principal neurons and GAD67-positive cell number in the dPFC was therefore unchanged ( Fig. 2D ; t 21 ¼ 1.08, P ¼ 0.29; GAD67-positive cells as a percent Aging reduces prefrontal cortical neuron number
The Journal of Comparative Neurology | Research in Systems Neuroscience of principal neuron number, mean 6 SEM, young ¼ 25.4 6 1.72, aged ¼ 21.6 6 2.41). There was no change in GAD67-positive cell number in the ventral prefrontal cortex (Figs. 2C, 4C,D; t 21 ¼ 0.46, P ¼ 0.63; total GAD67-positive cell numbers, mean 6 SEM, young ¼ 34,923 6 5,847, aged ¼ 32,202 6 3,064). Section thickness, number of sampling sites, and corresponding coefficients of error are shown in Table 1 . The percent of GAD67-positive cells relative to total neuron number was likewise unchanged ( Fig. 2D ; t 16 ¼ 1.47, P ¼ 0.16; GAD67-positive cells as a percent of principal neuron number, mean 6 SEM, young ¼ 13.81 6 2.35, aged ¼ 10.25 6 1.24). Antibody penetration, defined as the average z-depth of the counted cells, was similar across young and aged rats (data not shown).
Reductions in neuron number occur independently of spatial memory impairment
Rats were behaviorally categorized based on their performance in the hippocampus-dependent version of the water maze, as described (Stranahan et al., 2011) . Aged rats that performed within the range of young, as measured by using an index score derived from proximity to the goal platform location during interpolated probe trials, were classified as aged-unimpaired (AU), whereas rats that performed outside of the range of young were designated aged-impaired (AI).
Neuronal loss in the dorsal prefrontal cortex occurred in both AU and AI rats ( Fig. 5A; F 2 ,22 ¼ 8.84, P ¼ 0.005; total neuron numbers, mean 6 SEM, young ¼ 694,624 6 23,714, AU ¼ 502,556 6 56,310, AI ¼ 508,050 6 45,201). Neuron number was maintained in the ventral prefrontal cortex of aged rats, irrespective of spatial memory performance (F 2,16 ¼ 0.66, P ¼ 0. 53; total neuron numbers, mean 6 SEM, young ¼ 286,614 6 12,740, AU ¼ 280,914 6 9,104, AI ¼ 300,919 6 11,394). The number of GAD67-positive cells was reduced with aging, and this reduction was not associated with spatial memory performance (F 2,22 ¼ 12.87, P ¼ 0.003; total GAD67-positive cell numbers, mean 6 SEM, young ¼ 174,115 6 12,543, AU ¼ 114,964 6 14,757, AI ¼ 94,056 6 7,728).
To gain greater insight into mechanisms that might be associated with spatial memory performance in aged rats, we analyzed the percent of GAD67-positive neurons relative to total neuron number. Age-related cognitive Figure 2 . Aging reduced total neuron number and the number of GAD67-positive cells in the dorsal component of the rat prefrontal cortex. A: Unbiased stereological estimates of total neuron number reveal that aging is associated with neuronal loss in the dorsal prefrontal cortex (dPFC). There was no effect of aging on neuron number in the ventral prefrontal cortex (vPFC). B: Changes in total neuron number are not accompanied by gross regional atrophy, as indicated by volume estimates by using the method of Cavalieri. C: The number of GAD67-positive cells is reduced with aging in the dPFC. There was no change in the number of GAD67-positive cells in the vPFC. D: Because total neuron number is also reduced in the dorsal prefrontal cortex with aging, the ratio of GAD67-immunoreactive cells to principal neurons (expressed here as percent GAD67-positive cells relative to total pyramidal cell number on adjacent series of sections) is unchanged. *, Significant difference at P < 0.05 following Student's t-test. impairment was not associated with any difference in this relationship (F 2,22 ¼ 1.53, P ¼ 0.24; ratio of total neurons to GAD67-positive cell number, mean 6 SEM, young ¼ 25.4 6 1.73, AU ¼ 24.6 6 4.87; AI ¼ 19.0 6 1.34).
DISCUSSION
In the current report, we observed neuronal loss in the dorsal component of the rat PFC. This loss occurred among principal neurons and GAD67-immunoreactive cells, such that a stable ratio of principal neurons to putative interneurons was maintained. Changes were confined to the dPFC, as no alterations in total neuron number or GAD67-positive cell number were observed in the vPFC, and age-related neuronal loss was not associated with spatial memory performance. We used behavioral characterization in a hippocampal-dependent task because individual differences in this model were previously shown to correlate with age-related reductions in both hippocampal and prefrontal cortical glucocorticoid receptor 
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The Journal of Comparative Neurology | Research in Systems Neuroscience expression (Bizon et al., 2001) . We believe that when these data are taken together with the current observation that both aged-impaired and aged-unimpaired rats exhibit decreased neuron number in the dorsal prefrontal region, to the extent that such neuron loss is detrimental in this behavioral model, some compensatory mechanisms might be recruited to maintain the performance of unimpaired rats.
In addition to interactions of the PFC with the medial temporal lobe, the PFC participates in the default mode network, defined as a set of anatomically connected cortical regions that exhibited correlated activation patterns at rest. Recent reports have demonstrated the existence of a default mode network in humans (Honey et al., 2009) , non-human primates (Vincent et al., 2007) , and rodents (Liang et al., 2011) . Correlations between levels of activation across the default mode network and cognitive impairment with aging have also been demonstrated (Sperling et al., 2010) , opening the possibility that neuron loss in one component of this system could disrupt the coordination of activity and information processing, with consequences for cognitive functions not limited to hippocampal-dependent memory. Independent effects of aging across neurobehavioral systems have been reported and could be relevant to the current findings. Aged rats perform poorly during attentional set-shifting (Barense et al., 2002) in a task that has been demonstrated to depend on the integrity of the prefrontal cortex (Birrell and Brown, 2000) . It is noteworthy that, in aged rats, individual differences in spatial memory performance are uncorrelated with set-shifting ability, suggesting that prefrontal cortical and medial temporal memory systems exhibit some dissociable effects of aging (Barense et al., 2002) . The extent to which agerelated reductions in prefrontal cortical neuron number and behavioral deficits in attentional set-shifting may be attributable to changes in activation of the default mode network remain to be determined.
Moreover, the question of whether neuron loss observed in the current study contributes to age-related deficits in attentional set-shifting has not yet been addressed. The behavioral significance of neuron loss detected in the cortex would be important to determine because cognitive deficits in hippocampal-dependent tasks are observed in the absence of altered neuron number in the medial temporal lobe but are correlated with functional alterations in largely intact circuits (Rapp and Gallagher, 1996 ; for review, see Wilson et al. 2006) .
Our observation of neuronal loss in the dorsal region and preservation of neuron number in the ventral region differs from a previous report (Yates et al., 2008) . Yates and colleagues (2008) reported an age-dependent reduction in the vPFC, but not the dPFC. Although the regional boundaries identified in the current study were reliably detected on the same sections by two different observers, the possibility that this disparity arises from differences in regional parcellation across the two studies cannot be ruled out. However, genetic divergence between the Long-Evans hooded rats used by Yates et al. (2008) , derived from an in-house breeding colony, and the LongEvans rats purchased from Charles River Laboratories for use in the current study is another possible reason for differences in the results. Because genetic differences in the effect of ventral prefrontal lesions on behavior have been demonstrated (Chang and Maren, 2010) , it is possible that genetic drift could account for distinct trajectories of neuronal loss in subregions of the prefrontal cortex.
With respect to the current findings, the stereological data and prefrontal regional volumes derived from young rats in our study fall closely within the range of estimates from previous studies using unbiased stereological methods in frozen tissue (Cerqueira et al., 2005; Yates et al., 2008) . Because using frozen sections could affect counts through the z-axis, the current observations might underestimate absolute neuron numbers. However, to our knowledge, no comparison values from tissue prepared by using Vibratome sectioning exists for these cortical regions, so it is difficult to assess what effect sectioning on a freezing microtome might have had on total neuron numbers. In that context, the numerical trends observed in the current study may also under-represent the absolute number of prefrontal GAD67-positive interneurons, and numbers of cells expressing GAD65 were not assessed.
Disinhibition of the PFC leads to deficits in cognitive flexibility (Gruber et al., 2010) , in a manner reminiscent of the impaired reversal learning reported in a subset of aged rats (Schoenbaum et al., 2006) . We quantified the number of GAD67-positive cells and expressed the ratio of GAD67-positive cells to principal neurons to estimate whether this population might be specifically vulnerable to aging in the prefrontal cortex. Because both the number of principal neurons and the number of GAD67-positive cells was reduced, the numerical relationship between excitatory and GAD67-expressing inhibitory neuron number was maintained. This suggests that neuronal loss in the aging dPFC is not limited to a specific neuronal phenotype. Perhaps most importantly, a focal age-related decline in prefrontal cortical neuron number appears to be conserved across rodents in the current study and in primate species (Smith et al., 2004) , suggesting that a common basis for such vulnerability in cortical circuits may exist in the mammalian brain.
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